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Abstract
Recently, dRYamides-1 and -2 have been identified as ligands of the neuropeptide Y-like receptor CG5811 in
Drosophila melanogaster. It has also been reported in brief that injection of dRYamide-1suppresses the early feeding
behavior called proboscis extension reflex (PER) in the blowfly Phormia regina. Immunohistochemical analyses by
our group using anti-dRYamide-1 antiserum indicated symmetrical localization of 32 immunoreactive cells in the
brain of P. regina. In order to analyze the mechanism of feeding regulation, we further investigated the effects of
dRYamide-1 and -2 on intake volume, PER exhibition, and activity of the sugar receptor neuron. After injection of
dRYamide-1 or -2, flies showed little change in the intake volume of sucrose solution, but a significant depression
of PER to sucrose. Injection of dRYamide-1 revealed a significant decrease in the responsiveness of the sugar
receptor neuron, although the injection of dRYamide-2 did not. These results suggest that the dRYamide peptides
decrease feeding motivation in flies, as evaluated by PER threshold, through a mechanism that partially involves
desensitization of the sugar receptor neuron.
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Introduction
Bioactive peptides have been broadly studied in verte-
brates and invertebrates [1–4]. Studies in Drosophila
melanogaster have been conducted to find peptide
precursor genes or genes of orphan G-protein-coupled
receptor (GPCR), some of which were rediscovered as
targets of intrinsic peptides [5].
Neuropeptide Y (NPY) in vertebrates, which has an
amidated tyrosine residue, and neuropeptide F (NPF) in
invertebrates, which has an amidated phenylalanine resi-
due at the C terminus, are well conserved through
evolution, and both are involved in feeding and/or for-
aging behaviors [6–9]. One type of Drosophila NPF con-
sisting of 36 amino acid residues is referred to as long
NPF [9, 10], whereas another type consisting of 6–11
amino acid residues is referred to as short NPF [9, 11].
Both the long and short NPFs are expressed in the brain
and mid-gut of larvae and adults. Overexpression of long
NPF prolongs the foraging period of larvae, resulting in
a delay in the developmental sequence until pupation
[12]. Short NPF is thought to be involved in food intake
regulation during the larval stage, contributing to an
increase in the body size [13].
Following the finding of receptors for these long and
short NPFs, both of which show about 60 % sequence
similarities to mammalian NPY receptors [11, 14],
another GPCR, nepYR (CG5811), was identified in D.
melanogaster. Although nepYR was activated by mam-
malian NPY [15], its intrinsic ligand was unknown until
Ida et al. [16] discovered dRYamides-1 and -2. The pre-
cursor genes for these peptides (CG40733) are located in
the centromeric heterochromatin of the right arm of
chromosome 2, suggesting a low probability of construc-
tion of a transgenic fly bearing mutation in this chromo-
somal area. Thus, the same group explored the putative
function of these peptides by injection into P. regina,
which has long been used for physiological studies on
the gustatory system or feeding behavior [17].
Flies detect various tastants with gustatory sensilla
located on the labella at the distal end of proboscis, on
the tarsi of legs, on the anterior wing margins, and on
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the ovipositor. The largest type of gustatory sensilla in P.
regina, called an LL-type (200–300 μm in length), sym-
metrically lines the outer margin of labellar lobes and is
one of the most precisely studied insect gustatory organs
[17–24]. Each LL-type sensillum houses four gustatory
receptor neurons (GRNs), and they respond to water,
salts, bitter or noxious substances, and sugars or phagos-
timulative substances, respectively [17, 18, 20]. In several
insect species, GRNs from the mouthparts and from the
antennae directly project to the subesophageal ganglion
(SEG) or gnathal ganglion (GNG) [25–28], which is the
primary gustatory center in the fly brain [29, 30].
When the labellar gustatory sensilla are stimulated with
sugar above a certain threshold concentration, flies extend
their proboscides. PER is an early feeding behavior prior
to food sucking and is an accepted indicator of feeding
motivation in flies and some other insects [17, 20, 31]. In
P. regina, it is known that the PER threshold is affected by
starvation/satiation conditions [32], age and blood sugar
level [33], daily dietary concentration of sugar [34], and
experiences or learning about foods [35]. After com-
pletely extend the proboscis onto food, flies begin to
feed. The termination of feeding is evoked under
feedback regulation from stretch receptors in the
foregut, and their activity may link to the sense of
satiation [36–38].
The previous paper by Ida et al. [16] showed that
30 min after injection of 10 pmol dRYamide-1, the mean
threshold of PER was significantly increased in a test
population of P. regina. They conducted the PER test to
investigate the effect of dRYamide-1 on feeding motivation
of P. regina in one population but missed examination
with dRYamide-2. Thus, in the present report we more
precisely examine the involvement of these two peptides,
dRYamides-1 and -2, in feeding regulation in three steps;
food intake, proboscis extension reflex (PER), and sensory
activation by phagostimulative taste.
Materials and Methods
Flies
Phormia regina (Diptera, Calliphoridae) blowflies were
reared in our laboratory under 16-h light/8-h dark cycles
at 21 ± 2 °C. Larvae were fed on chicken liver and yeast
bait (Oriental Yeast, Tokyo, Japan). Newly emerged
adults derived from the same egg masses were collected
in separate plastic cages (22 × 15 × 13 cm3) and provided
with water and 100 mM sucrose solution in separate
cups. We used 5–7-day-old male flies in all experiments.
Immunohistochemical procedure
For anti-dRYamide-1 antiserum production, we synthe-
sized [Cys0]-dRYamide-1 peptide, which was then conju-
gated with keyhole limpet hemocyanin (KLH) (Medical
and Biological Laboratories CO., LTD, Nagoya, Japan).
Fly brains were dissected, immediately transferred into
4 % paraformaldehyde in phosphate buffered saline
(PBS) containing 0.1 % Triton X-100, and incubated for
two days at 4 °C. After rinsing three times for 10 min
each in PBS containing 0.3 % Triton-X100, they were
kept overnight at 4 °C, and with blocking solution of
PBS plus 10 % goat serum for 2 h at room temperature.
The brain samples were further incubated with primary
antiserum at a dilution of 1:500 with blocking buffer for
three days at 4 °C, followed by rinsing nine times for
20 min each in PBS plus 0.3 % Triton-X100. They were
incubated with secondary antibody (Alexa Fluor 594 of
goat anti-rabbit IgG) at a dilution of 1:200 with blocking
buffer for two days at 4 °C, followed by rinsing nine
times for 20 min each in PBS plus 0.3 % Triton-X100
and subsequently in Triton-X free PBS for 10 min. The
brains were then dehydrated using an ethanol series
(5 min in 50 %, 5 min in 70 %, 10 min in 90 %, 20 min
in 100 % twice), and mounted with methyl salicylate.
The samples were observed with a confocal laser-
scanning microscope (FV1000 Olympus Co., Tokyo
Japan).
Peptide preparation and injection
Synthesis of dRYamides-1 and -2 was performed by
Medical and Biological Laboratories (Nagano, Japan)
according to the previously identified amino acid
sequences PVFFVASRY-NH2 and NEHFFLGSRY-NH2,
respectively [16]. These peptides were dissolved in a
blowfly Ringer solution (128 mM NaCl, 5 mM KCl,
2 mM MgCl2, 1 mM Na2HPO4, 0.34 mM KH2PO4,
1.83 mM CaCl2, and 25 mM D-glucose) and diluted to
10 or 100 pmol/μL. Following this, 1 μL of Ringer solu-
tion or peptide-containing Ringer solution was injected
into the shoulder (dorsal side of the thorax) of a test fly
using a microsyringe (Hamilton Company, Nevada,
USA) in accordance with Ida et al. [16]. As was learned
from the previous work by Ida and his colleagues, artifi-
cial damage by injection frequently prevents flies from
maintaining stable sensory responsiveness in gustatory
receptor neurons and robust behavioral expression of
feeding motivation or food intake for an hour or more,
especially given the small body size of D. melanogaster.
Thus, in the present study following the previous study
by Ida et al. [16], we instead injected these peptides into
P. regina, a larger fly species.
Food intake measurement
Male P. regina were anesthetized on ice, and their wings
were scarred with aluminum clothespins. In order to se-
lect individuals, which have average level of feeding motiv-
ation in a population reared for food intake measurement,
the PER test described above was conducted. Individual
flies, the PER threshold of which were equivalent to the
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mean threshold in the same batch population from the
same egg mass, were next used for food intake measure-
ment. The body weight of the selected flies was 26.4 ±
0.7 mg (average ± standard error). Among the selected
individuals, we made random pairs having the smallest
body weight difference (<1.5 mg).
We injected 1 μL of Ringer solution into one fly and the
same volume of Ringer solution containing 0, 10, or 100
pmol dRYamide-1 or -2 into the other fly in each pair.
Thirty minutes later, we started feeding the pair of flies
sucrose solution at the same concentration, 250 mM,
which is the mean PER threshold (see Fig. 4) or 1 M that
is the concentration giving the maximum response of the
labellar sugar receptor neuron [39]. We prepared two
25 μL drops of 250 mM or 1 M sucrose on a clean surface
of Parafilm (Sigma-Aldrich Japan, Tokyo), and let the flies
of a test pair contact with the drops in their labella,
respectively. The flies then extended their proboscides and
began feeding. Under constant ambient conditions (20–
23 °C and 40–60 % relative humidity), we observed each
pair of flies until the flies were satiated with the sugar so-
lution and spontaneously stopped feeding. The intake vol-
ume of sucrose solution was measured by subtracting the
leftover from the provided volume and compared between
the Ringer solution-injected and the dRYamide-injected
individuals.
PER test
Flies extend their proboscides when stimulated by over-
threshold phagostimulative tastants in their gustatory sen-
silla. The PER test to various concentrations of sucrose in
a fly population has been conducted to determine the
mean PER threshold concentration, which is a reciprocal
indicator of feeding motivation [17, 20, 32. 34, 35]. The test
fly population was starved for 24 h before the PER test.
Prior to the PER test, 20 randomly chosen male flies were
immobilized by securing their wings with aluminum
clothespins and provided with distilled water until
spontaneous satiation. For phagostimulative stimuli, 12
sucrose concentrations were prepared by twofold serial
dilution with distilled water starting from 1 M. We
carefully touched the labellar gustatory sensilla with
each concentration of sucrose in a yellow micropipette
tip, starting with the lowest concentration, and pre-
vented the flies from ingesting the stimulus solution
during the test. Subsequently, 1 μL of either Ringer
solution or dRYamide-1-containing or dRYamide-2-
containing Ringer solution was injected into a fly group
of 20 individuals, and the PER test was repeatedly con-
ducted until 60 min after the injection. Thus, we plot-
ted the concentration–PER curves before and after the
injection with the percentage of flies showing PER
against the sucrose concentration.
Electrophysiological procedures
Prior to the electrophysiological experiments, we se-
lected individuals whose PER threshold was the same as
the mean threshold in a test batch of flies, as described
above. Under a microscope (Nikon ECLIPSE E200,
Tokyo, Japan), the proboscis of each selected fly was
fixed in an extended position with beeswax, and the
body was immobilized by a stainless steel clip. Using a
glass capillary containing a stimulus solution as the
recording electrode, an LL-type labellar chemosensillum
was stimulated for 1 s. A platinum wire inserted into the
recording electrode was connected to a TastePROBE
amplifier (Syntech, Hilversum, The Netherlands). An-
other glass capillary filled with Ringer solution func-
tioned as an indifferent electrode was inserted into the
compound eye. Impulses generated from the single sugar
receptor neuron housed in the targeted sensillum were
collected by a computer through an A/D converter,
IDAC-4 (Syntech), and analyzed using Autospike soft-
ware (Syntech).
Before and 15, 30, 45, and 60 min after the injection of
1 μL of either Ringer solution or dRYamide-1-containing
or dRYamide-2-containing Ringer solution, impulses
from the same sensilla were recorded using the tip-
recording method [17, 40, 41]. Because the tip-recording
method requires an electrolyte in stimulus solution filled
in the recording electrode, we used a stimulus solution
of 50 mM sucrose dissolved in 10 mM NaCl, which gives
approximately 70 % of the maximum magnitude of
response in the sugar receptor neuron [39]. This con-
centration of sucrose is convenient for detecting either
positive or negative changes in the magnitude of re-
sponse in the sugar receptor neuron. Because there are
four functionally differentiated gustatory receptor neu-
rons within a sensillum, when we stimulated the single
LL-type sensillum using the tip-recording method, the
sugar, salt, water, and bitter taste receptor neurons were
all exposed to the stimulus. As long as 50 mM sucrose
in 10 mM NaCl was used as a stimulus, however, the
impulses of the sugar receptor neuron were mainly
recorded. Sometimes, impulses of the water and/or the
salt receptor neuron were also recorded, but these were
only at low levels of frequency and could be easily
distinguished from impulses of the sugar receptor
neuron based on the difference in amplitude [40, 42].
The impulses of the sugar receptor neuron were select-
ively counted using an impulse sorting program (Syntech).
According to nearly all electrophysiological reports for
P. regina [39–41], the magnitude of response of the
sugar receptor neuron can be defined as the number of
impulses recorded for 0.2 s between 0.15 and 0.35 s after
the beginning of stimulation, and it is kinetically changing
according to the stoichiometric receptor-sugar binding re-
action [40]. Signals were excluded during the initial 0.15 s,
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as a transient peak of impulse frequency in the sugar re-
ceptor neutron is not parallel with the gradual increase of
the receptor membrane potential [41]. The impulses gen-
erated later than 0.35 s after the beginning of stimulation,
the frequency of which is decreased by sensory adaptation
[41], were also excluded from the definition of the magni-
tude of response.
Results
Localization of dRYamide-1 like peptide
As shown in Fig. 1a, the representative result in a male
brain of P. regina, when stained with anti-dRYamide-1
antiserum, showed symmetrical staining of 26 cell bodies
of neurons in the protocerebrum and pars intercerebralis
and six cell bodies in SEG, two of which were heavily
stained at the posterior-medial site (arrowheads). In
addition, numerous button-like structures were stained
in SEG. Figure 1b shows no specific staining in the brain
treated with normal serum instead of anti-dRYamide-1
antiserum.
No influence of dRYamides on food intake
Figure 2 shows sucrose intake in the dRYamide-1 (Fig. 2a, b)
or 2 injected flies (Fig. 2c, d), compared with that in control
flies, which were injected with Ringer solution.
In the control experiments using Ringer solution-
injected flies, when the intake volume was compared
between 250 mM and 1 M sucrose, there was no sig-
nificant difference in each case of Fig. 2a, b, c, and d
(P >0.05, n = 5 or 6, Mann–Whitney U test). More-
over, even in the dRYamide-1-injected (Fig. 2a, b) or
dRYamide-2-injected flies (Fig. 2c, d), intake volume of
250 mM or 1 M sucrose was not significantly changed
from that in the Ringer solution-injected flies, regardless
of the injection amount of dRYamides (P >0.5, n = 5 or 6,
Mann–Whitney U test). Thus, dRYamide-1 or -2 was not
involved in the mechanism for determination of intake
volume of sucrose until spontaneous satiation.
Suppressive effects of dRYamides on PER
We performed PER tests before and after the injection
of dRYamides-1 and -2 dissolved in the Ringer solution,
respectively. Every concentration–PER curve was plotted
for the percentage of flies showing PER against the
sucrose concentration. Figure 3a, b show the series of
the concentration–PER curves with the data obtained
before and 15–30, 30–45, and 45–60 min after injection
of 10 and 100 pmol dRYamide-1, respectively. Figure 3c, d
are the same as Fig. 3a, b, respectively, but dRYamide-2
was injected instead of dRYamide-1. Both dRYamides-1
and -2, when injected into the thorax of flies, gradually
suppressed PER to sucrose. After the injection of
dRYamide-1 or -2, the percentage of flies showing PER
was significantly decreased, as indicated by asterisks in
Fig. 3 (P <0.05, n = 5, Mann–Whitney U test), but PER
was not completely suppressed within 60 min. Regardless
of 10 or 100 pmol of injected dRYamides, the percentage
of flies showing PER to 1 M sucrose at 60 min after injec-
tion reached 60–70 % of that before injection.
With regard to the control experiment, in which
Ringer solution was injected, there was no significant
difference in the percentage of flies showing PER at any
sucrose concentrations between before injection and
15–30 or 45–60 min after injection, (P >0.05, n = 5,
Mann–Whitney U test) (Fig. 4). The PER ratio tends to
increase at 45–60 min after Ringer injection in Fig. 4 for
unknown reasons, but the increase does not reach statis-
tical significance as defined in the present study.
Suppressive effects of dRYamides on sugar taste
response
Eleven pairs of LL-type sensilla of P. regina regularly
align on the outer margin of both labellar lobes; there-
fore, we could easily identify every LL-type sensillum
and repeatedly stimulate the same sensillum. Figure 5
Fig. 1 Immunohistochemical staining of the brain of P. regina with
anti-dRYamide-1 antiserum. a Staining of male brain with anti-dRYamide-
1 antiserum. b Same as (a) but treated with pre-immune serum instead
of anti-dRYamide-1 antiserum. SEG, subesophageal ganglion/gnathal
ganglion; PI, pars intercerebralis. Arrowheads indicate heavily stained
cell bodies of two neurons (see Discussion)
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shows representative impulse records before and 15, 30,
45, and 60 min after the injection of Ringer solution
(left) or 10 pmol dRYamide-1-containing (middle) or 10
pmol dRYamide-2-containing Ringer solution (right).
The electrophysiological activity with an impulse train
generated from the sugar receptor neuron only de-
creased in dRYamide-1-injected flies. When we injected
dRYamide-2 instead of dRYamide-1, no clear suppressive
effect on the sugar taste response was observed. Figure 6
shows that the magnitude of response in the sugar
receptor neuron gradually decreased to approximately
75 % of the response before the injection in dRYamide-
1-injected flies only. The magnitude of response in the
sugar receptor neuron was significantly different be-
tween the Ringer solution-injected and the dRYamide-1-
injected flies at 30 (P <0.01, n = 5, post-hoc Tukey test),
45 (P <0.05, n = 5, post-hoc Tukey test), or 60 min after
injection (P <0.05, n = 5, post-hoc Tukey test).
Discussion
Studies in blowfly have long contributed to the un-
derstanding of feeding behavior and its neural me-
chanisms involving peripheral and central nervous
systems [17, 20, 22, 32–38]. To date, many studies of the
regulation of feeding and foraging behavior have been facil-
itated in D. melanogaster [7–15]. Nevertheless, the neural
circuit from the phagostimulative gustatory input via the
sugar receptor neuron to the behavioral output triggered
by appropriate motor neurons has not been definitively
identified. The neurons targeted by bioactive peptides re-
lated to feeding behavior and the steps of feeding behavior
they directly or indirectly regulate remain unclear.
Fig. 2 Effect of dRYamides-1 and -2 injection on sucrose intake. a Comparison of 250 mM or 1 M sucrose intake between blowfly Ringer
solution-injected (open columns) and 10 pmol dRYamide-1-injected flies (closed columns). b Same as (a) but comparison between Ringer
solution-injected (open columns) and 100 pmol dRYamide-1-injected flies (closed columns). c Comparison of 250 mM or 1 M sucrose intake
between blowfly Ringer solution-injected (open columns) and 10 pmol dRYamide-2-injected flies (closed columns). d Same as (c) but comparison
between Ringer solution-injected (open columns) and 100 pmol dRYamide-2-injected flies (closed columns. Each column indicates average intake
volume of sucrose solution ± standard error (n = 5 or 6)
Maeda et al. Zoological Letters  (2015) 1:35 Page 5 of 10
In our PER tests, we counted the number of flies
showing full extension of proboscides, hence the flies
showing PER were sometimes observed only about 75 %
even on stimulation by 1 M sucrose (Figs. 3 and 4). If
the flies showing halfway proboscis extension were also
counted, the flies showing PER reached 100 % at 1 M,
but we feel the approach we adopted here was superior
for enabling precise evaluation. We found in the PER
tests that the injection of dRYamide-1 or -2 partially but
significantly suppressed PER (Fig. 3). This suggests that
dRYamides negatively regulate feeding initiation in flies
by suppressing feeding motivation. It is unclear why PER
is not completely suppressed by these peptides. Al-
though it may be technically difficult, if these peptides
could be injected to the head instead of the thorax with-
out inducing damage, they may act more rapidly and/or
strongly on the PER-controlling neural system. These
peptides are also expressed in the midgut and hindgut
[16]; they may thus also be indirectly involved in feeding
regulation via some route other than the neural circuit
from the gustatory sensory input to the feeding motor
neuron output.
After the proboscis is completely extended, the fly be-
gins food intake. Our results of sucrose intake measure-
ments showed that the flies finished sucrose sucking when
the intake volume reached a certain level, regardless of the
sucrose concentration. This implies that feeding termin-
ation does not depend on the nutritional value but on the
intake volume of food, which can be monitored by the
stretch receptor in the foregut [36, 37].
It has been reported that the injection of sulfakinin de-
rived from D. melanogaster, DrmSKI to P. regina select-
ively suppressed the intake of carbohydrate [3], and it is
considered that sulfakinin as well as short NPF [9–14]
Fig. 3 Suppressive effect of dRYamide-1 injection on PER. a The concentration–PER curves are drawn by plotting the percentage of flies showing
PER (average ± standard error, n = 5) against stimulus sucrose concentration. b The same as (a) but the concentration–PER curves before and after
100 pmol dRYamide-1 injection. c The concentration–PER curves are drawn by plotting the percentage of flies showing PER (average ± standard
error, n = 5) against stimulus sucrose concentration before and after 10 pmol dRYamide-2 injection. d The same as (c) but the concentration–PER
curves before and after 100 pmol dRYamide-2 injection. Circles indicate data obtained before 10 pmol dRYamide-1 injection; squares, triangles,
and diamonds indicate data obtained 15–30, 30–45, and 45–60 min after injection, respectively. Asterisks indicate statistically significant
differences between the data collection intervals at given sucrose concentrations (P <0.05, n = 5, Mann–Whitney U test)
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regulates feeding termination on the basis of the nutri-
tional value of foods. Previously, leucokinin and its
receptor were discovered in D. melanogaster, and found
that the leucokinin pathway in D. melanogaster was sug-
gested to be involved in a meal-size determination
mechanism that is regulated by feeding termination via
feedback signals from the stretch receptor [43].
In our experiment, notably, there was little difference
in sucrose intake between Ringer solution-injected and
either dRYamide-1- or -2-injected flies (Fig. 2), suggest-
ing that feeding termination controlled by the feedback
circuit from the foregut stretch receptor is not regulated
by dRYamides. dRYamides negatively regulate feeding
initiation or motivation, probably via another neural cir-
cuit from the gustatory neuron for triggering PER.
Because PER is triggered by over-threshold gustatory
input from the sugar receptor neuron, gustatory sensitiv-
ity of the sugar receptor neuron is involved in PER sensi-
tivity to sucrose. Our results showed that dRYamide-1
significantly suppressed responsiveness of the sugar
receptor neuron but dRYamide-2 did not (Figs. 5 and 6),
but the reason for this difference between the effects of
dRYamide-1 and dRYamide-2 is unclear. Very recently, we
purified a putative dRYamide-1-like peptide from the head
Fig. 4 Effect of blowfly Ringer solution injection on PER. The concentration–PER curves are drawn by plotting the percentage of flies showing
PER (average ± standard error, n = 5) against stimulus sucrose concentration. Open circles indicate data obtained before Ringer solution injection;
squares and diamonds indicate data obtained 15–30 and 45–60 min after injection, respectively
Before 
injection





Fig. 5 Impulse records of the sugar receptor neuron after injection of dRYamides Representative records of electrophysiological response of the sugar
receptor neuron in the LL type of contact chemosensillum to 50 mM sucrose dissolved in 10 mM NaCl. (Left) Impulses in Ringer solution-injected fly;
(Middle) impulses in the 10 pmol dRYamide-1-inected fly; (Right) impulses in the 10 pmol dRYamide-2-injected fly. Impulses were recorded before and
15, 30, 45, and 60 min after injection
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of P. regina, which had a similar amino acid sequence
(PSFFVGSRY-NH2) to dRYamide-1 (PVFFVASRY-NH2),
but not to dRYamide-2 (NEHFFLGSRY-NH2); however,
we could not find a dRYamide-2-like peptide in the crude
head extract (unpublished data). Therefore, we suspect
that P. regina may have an intrinsic receptor protein that
binds more strongly to dRYamide-1 than to dRYamide-2.
Such a putative receptor protein activated by dRYamide-1
may function in desensitization of the sugar receptor
neuron. The receptor of dRYamides was discovered by
Collin et al. [44]. They mentioned that activation of the
Drosophila receptor by the two dRYamide peptides. The
receptor, when experimentally expressed in culture cells,
was activated within 5 s after addition of the peptides,
after which the receptor quickly desensitizes to the zero
level. On the other hand, our findings indicate that
dRYamide-1 induced gradual desensitization of the sugar
receptor cell and that the effect was incomplete, but lasted
an hour (Fig. 6). Thus, we presume that dRYamide-1does
not directly affect the sugar receptor neuron in P. regina;
hence, its receptor, CG5811, would not be expressed in
the sugar receptor neuron either in D. melanogaster. It
has been reported that CG5811 is abundantly expressed in
the hindgut, but not in the brain; however, we expect that
the receptor of dRYamide-1 peptide is expressed in the
brain, at least in the SEG region where the sugar receptor
neurons terminate (see Fig. 1 and Additional file 1:
Figure S1), As both dRYamide-1 and dRYamide-2, which
was ineffective on desensitization of the sugar receptor
neuron, similarly suppressed PER, it is unlikely that
desensitization of the sugar receptor neuron alone causes
PER suppression (Fig. 3). These peptides may also act on
neurons other than the sugar receptor neuron. For
example, they may affect putative interneurons including
a command neuron [45, 46], whereby the PER threshold
could be manipulated under various conditions such as
the blood sugar concentration, trade off factors, and mem-
ory of dietary experiences.
Prior to our study, allatostatin-A of D. melanogaster was
known to inhibit the PER in adult D. melanogaster [47].
The physiological function of allatostatin-A seems to be
similar to that of dRYamides-1 and -2; however, the
localization of anti-allatostatin-A antiserum-staining neu-
rons in the brain of D. melanogaster [47] was not similar
to that of anti-dRYamide-1 antiserum-staining neurons
(Additional file 1: Figure S1). Our immunohistochemical
data in Fig. 1 suggest that dRYamide-1 or presumably its
ortholog of P. regina is likely to act on the primary gusta-
tory center SEG, where gustatory information is trans-
ferred from the receptor neurons to some interneurons.
In the present study, we investigated the regulatory roles
of dRYamides derived from D. melanoaster in feeding
Fig. 6 Effects of dRYamides-1 and -2 on the response of the sugar receptor neuron Changes in the magnitude of response of the sugar receptor neuron
in the blowfly Ringer solution injected (closed circles), the 10 pmol dRYamide-1-injected (closed triangles), and the 10 pmol dRYamide-2-injected flies (open
squares). Impulses were recorded before and 15, 30, 45, and 60 min after injection, and the magnitudes of response were normalized to those before
injection. Single asterisks (P<0.05) and double asterisks indicate statistically significant differences (P<0.01, n= 5, post-hoc Tukey test)
Maeda et al. Zoological Letters  (2015) 1:35 Page 8 of 10
behavior of P. regina. Indeed, D. melanogaster and P. re-
gina exhibit different habitats and food preferences,
highlighting the need for additional study. In the near fu-
ture, through further studies in D. melanogaster or
through the use of a newly identified ortholog peptide in
P. regina, the functional role and putative pathway of the
dRYamide peptides will be confirmed.
Conclusions
dRYamide-1 and dRYamide-2 were first reported as ligands
of the neuropeptide Y-like receptor CG5811 in Drosophila
melanogaster, and it has been suggested that dRYamide-1
suppressed the early feeding behavior, PER, in the
blowfly P. regina. Starting from determining localization of
dRYamide-1 in the brain of P. regina, we further investi-
gated the regulatory roles of these peptides on the feeding
behavior of P. regina in three steps: food intake, PER, and
activity of the sugar receptor neuron. After injection of
dRYamide-1 or -2, flies do not change their intake volume
of sucrose solution, but a significant depression of PER to
sucrose occurs. Injection of dRYamide-1 triggered a signifi-
cant decrease in responsiveness of the sugar receptor
neuron, while injection of dRYamide-2 does not. These
results suggest that dRYamides decrease feeding motiv-
ation in flies and partially desensitize the sugar receptor
neuron.
Additional file
Additional file 1: Figure S1. Immunohistochemical staining of the
brain of D. melanogaster with anti-dRYamide-1 antiserum. Arrow heads
indicate heavily stained cell bodies of two neurons (see Discussion).
(DOCX 476 kb)
Abbreviations
PER: Proboscis extension reflex; GPCR: G-protein-coupled receptor;
GRN: Gustatory receptor neuron; NPF: Neuropeptide F; NPY: Neuropeptide Y;
PBS: Phosphate-buffered saline; SEG: Subesophageal ganglion; GNG: Gnathal
ganglion.
Competing interests
The authors declare that they have no competing interests.
Authors' contributions
TM carried out the electrophysiological experiments, YN and TY carried out
the histochemical experiments, YN and HS carried out behavioral
experiments, TI, TS, MY and MM participate peptide synthesis and antisera
construction, MKH participated in the design of the study and performed the
statistical analysis, MK and MO conceived of the study, and participated in its
design and coordination and helped to draft the manuscript. All authors
read and approved the final manuscript.
Acknowledgements
We thank Professor H. Morita, Kyushu University, for donating the P. regina
flies. We also thank Dr. Tetsutaro Hiraguchi and Ms. Saki Terashima for their
help with the behavioral experiment. This study was supported by a
Grant-In-Aid for Scientific Research 21115511 to MO.; the Improvement of
Research Environment for Young Researchers Program of the Ministry of
Education, Culture, Sports, Science and Technology 23780297 to TI.; and a
grant for scientific research on priority areas from the University of Miyazaki
to TI.
Author details
1Department of Biology, Graduate School of Science, Kobe University, Nada,
Kobe 657-8501, Japan. 2Department of Biology, Graduate School of Natural
Science and Technology, Okayama University, Okayama 700-8530, Japan.
3Interdisciplinary Research Organization, University of Miyazaki, Miyazaki
889-2192, Japan. 4Molecular Genetics, Institute of Life Sciences, Kurume
University, Fukuoka 839-0864, Japan. 5Department of Biochemistry, National
Cerebral and Cardiovascular Center Research Institute, Suita 565-0873, Japan.
Received: 29 March 2015 Accepted: 9 October 2015
References
1. Predel R, Wegener C, Russell WK, Tichy SE, Russell DH, Nachman RJ.
Peptidomics of CNS-associated neurohemal systems of adult Drosophila
melanogaster: a mass spectrometric survey of peptides from individual flies.
J Comp Neurol. 2004;474:379–92.
2. Nässel DR, Winther AME. Drosophila neuropeptides in regulation of
physiology and behavior. Prog Neurolobiol. 2010;92:42–104.
3. Kastin AJ. Handbook of biologically active peptides. 2nd ed. Amsterdam,
Netherland: Elsevier; 2013.
4. Paulsa D, Chena J, Reihera W, Vanselowb JT, Schlosserb A, Kahntc J, et al.
Peptidomics and processing of regulatory peptides in the fruit fly
Drosophila. EuPA Open Proteomics. 2014;3:114–27.
5. Civelli O. Orphan GPCRs and neuromodulation. Neuron. 2012;76:12–26.
6. Clark JT, Kalra PS, Crowley WR, Kalra SP. Neuropeptide Y and human
pancreatic polypeptide stimulate feeding behavior in rats. Endocrinol.
1984;115:427–9.
7. Zimanyi IA, Fathi Z, Poindexter GS. Central control of feeding behavior by
neuropeptide Y. Curr Pharm Des. 1998;4:349–66.
8. Beck B. KO's and organisation of peptidergic feeding behavior mechanisms.
Neurosci Biobehav Rev. 2001;25:143–58.
9. Nässel DR, Wegener CA. Comparative review of short and long
neuropeptide F signaling in invertebrates: Any similarities to vertebrate
neuropeptide Y signaling? Peptide. 2011;32:1335–55.
10. Brown MR, Crim JW, Arata RC, Cai HN, Chun C, Shen P. Identification of a
Drosophila brain-gut peptide related to the neuropeptide Y family. Peptides.
1999;20:1035–42.
11. Mertens I, Meeusen T, Huybrechts R, de Loof A, Schoofs L. Characterization
of the short neuropeptide F receptor from Drosophila melanogaster.
Biochem Biophys Res Com. 2002;297:1140–8.
12. Wu Q, Wen T, Lee G, Park JH, Cai HN, Shen P. Developmental control of
foraging and social behavior by the Drosophila neuropeptide Y-like system.
Neuron. 2003;39:147–61.
13. Lee KS, You KH, Choo JK, Han YM, Yu K. Drosophila short neuropeptide F
regulates food intake and body size. J Biol Chem. 2004;279:50781–9.
14. Feng G, Reale V, Chatwin H, Kennedy K, Venard R, Ericsson C, et al.
Functional characterization of a neuropeptide F-like receptor from
Drosophila melanogaster. Eur J Neurosci. 2003;18:227–38.
15. Li XJ, Wu YN, North RA, Forte M. Cloning, functional expression, and
developmental regulation of a neuropeptide Y receptor from Drosophila
melanogaster. J Biol Chem. 1992;267:9–12.
16. Ida T, Takahashi T, Tominaga H, Sato T, Kume K, Ozaki M, et al. Identification
of the novel bioactive peptides dRYamide-1 and dRYamide-2, ligands for a
neuropeptide Y-like receptor in Drosophila. Biochem Biophys Res Com.
2011;410:872–7.
17. Dethier VG. The Hungry Fly. Cambridge MA, USA: Harvard University Press;
1976.
18. Liscia A, Solari P. Bitter taste recognition in the blowfly: Electrophysiological
and behavioral evidence. Physiol Behav. 2000;70:61–5.
19. Ahamed A, Tsurum S, Ozaki M, Amakawa T. An artificial sweetener
stimulates the sweet taste in insect: dual effects of glycyrrhizin in Phormia
regina. Chem Senses. 2001;26:507–15.
20. Ozaki M, Takahara T, Kawahara Y, Wada-Katsumata A, Seno K, Amakawa T, et
al. Perception of noxious compounds by contact chemoreceptors of the
blowfly, Phormia regina: putative role of an odorant-binding protein. Chem
Senses. 2003;28:349–59.
21. Murata Y, Ozaki M, Nakamura T. Primary culture of gustatory receptor
neurons from the blowfly, Phormia regina. Chem Senses. 2006;31:497–504.
22. Ozaki M, Nakamura T. Chemosensory regulation of feeding in the blowfly:
several studies after the hungry fly. SEB Exp Biol Ser. 2009;63:77–101.
Maeda et al. Zoological Letters  (2015) 1:35 Page 9 of 10
23. Masala C, Solari P, Sollai G, Crnjar R, Liscia A. Transduction mechanism(s) of
Na-saccharin in the blowfly Protophormia terraenovae: evidence for
potassium and calcium conductance involvement. J Comp Physiol A.
2009;195:1141–51.
24. Solari P, Masala C, Falchi AM, Sollai G, Liscia A. The sense of water in the
blowfly Protophormia terraenovae. J Insect Physiol. 2010;56:1825–33.
25. Stocker RF, Schorderet M. Cobalt filling of sensory projections from internal
and external mouthparts in Drosophila. Cell Tissue Res. 1981;216:513–23.
26. Nayak SV, Singh RN. Primary sensory projections from the labella to the
brain of Drosophila melanogaster Meigen (Diptera: Drosophilidae). Int J
Insect Morph Embryol. 1985;14:115–29.
27. Jørgensen K, Kvello P, Almaas TJ, Mustaparta H. Two closely located areas in
the subesophageal ganglion and the tritocerebrum receive projections of
gustatory receptor neurons located on the antennae and the proboscis in
the moth Heliothis virescens. J Comp Neurol. 2006;496:121–34.
28. de Bruyne M, Warr CG. Molecular and cellular organization of insect
chemosensory neurons. BioEssays. 2006;28:23–34.
29. Rajashekhar KP, Singh RN. Neuroarchitecture of the tritocerebrum of
Drosophila melanogaster. J Comp Neurol. 1994;349:633–45.
30. Miyazaki T, Ito K. Neural architecture of the primary gustatory center of
Drosophila melanogaster visualized with GAL4 and LexA enhancer-trap
systems. Comp Neurol. 2010;518:4147–81.
31. Perry JJ, Dahanukar A, Carlson JR. Analysis of Taste Receptors in Drosophila.
In: Christensen TA, editor. Methods in Insect Sensory Neuroscience. Florida,
USA: CRC Press; 2004. p. 239–64.
32. Evans DR, Dethier VG. The regulation of taste thresholds for sugars in the
blowfly. J Insect Physiol. 1957;1:3–17.
33. Amakawa T. Effects of age and blood sugar levels on the proboscis
extension of the blow fly Phormia regina. J Insect Physiol. 2001;47:195–203.
34. Yano T, Nakashima M, Shiraishi A, Morita H. Relationship between elevation
of the labellar threshold after raising by increasing sucrose concentrations
and impulses of a single sugar receptor in the LL-type hair of the blowfly.
Exp Biol. 1986;46:29–35.
35. Nisimura T, Seto A, Nakamura K, Miyama M, Nagao T, Tamotsu S, et al.
Experiential Effects of Appetitive and Nonappetitive Odors on feeding
behavior in the blowfly, Phormia regina: A putative role for tyramine in
appetite regulation. J Neurosci. 2005;25:7507–16.
36. Gelperin A. Stretch receptors in the foregut of the blowfly. Science.
1967;157:208–10.
37. Gelperin A. Abdominal sensory neurons providing negative feedback to the
feeding behavior of the blowfly. Zeitschrift für vergleichende Physiologie.
1971;72:17–31.
38. Yano T, Nakashima M, Takashima A, Shiraishi A. The roles of the recurrent
nerve and the ventral nerve cord in the feeding response of the blowfly,
Phormia regina. M Exp Biol. 1986;46:37–44.
39. Ozaki M. Irreversible inhibition of the labellar sugar receptor of the blowfly,
Phormia regina by periodate activated starch. J Insect Physiol. 1985;31:631–8.
40. Morita H. Electronic Signs of Taste Receptor Activity. In: Pfaffmann C, editor.
Olfaction and Taste III. Oxford, USA: Pergamon Press; 1969. p. 370–38.
41. Ozaki M, Amakawa T. Adaptation-promoting effect of IP3, Ca2+, and
phorbol ester on the sugar taste receptor cell of the blowfly, Phormia
regina. J Gen Physiol. 1992;100:867–79.
42. Ozaki M, Tominaga Y. Chemoreceptors. In: Eguchi E, Tominaga Y, editors. Atlas
of Arthropod Sensory Receptors. Tokyo, Japan: Springer; 1999. p. 143–54.
43. Al-Anzi B, Armand E, Nagamei P, Olszswski M, Sapin V, Walters C, et al.
Leucokinin pathway and its neurons regulate meal size in Drosophila.
Curr Biol. 2010;20:969–78.
44. Collin C, Hauser F, Krogh-Meyer P, Hansen KK, de Valdivia EG, Williamson M,
et al. Identification of the Drosophila and Tribolium receptors for the
recently discovered insect RYamide neuropeptides. Biochem Biophys Res
Com. 2011;412:578–83.
45. Thomas F, Flood TF, Iguchi S, Gorczyca M, White B, Ito K, et al. A single pair
of interneurons commands the Drosophila feeding motor program. Nature.
2013;499:83–7.
46. Kain P, Dahanukar A. Secondary taste neurons that convey sweet taste and
starvation in the Drosophila brain. Neuron. 2015;85(4):819–32.
47. Hergarden AC, Tayler TD, David J, Anderson DJ. Allatostatin-A neurons
inhibit feeding behavior in adult Drosophila. Proc Natl Acad Sci USA.
2012;109:3967–72.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Maeda et al. Zoological Letters  (2015) 1:35 Page 10 of 10
